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A B S T R A C T 
Herbivorous mammals use liver biotransformation enzymes to manage the highly toxic 
plant secondary compounds (PSC's) in their diets. Novel diets may require the use of 
different enzymes depending on the PSC composition. Woodrats (genus Neotoma) 
provide an exemplary model system for dietary studies, as there are many species that 
rely on various plants in diverse environments. To date, little work has been done to 
study Bryant ' s woodrat {Neotoma bryanti), some populations of which naturally consume 
creosote {Larrea tridentata), a plant with heavy chemical defenses. The main objective of 
this research was to compare liver enzyme quantity in two wild N bryanti populations 
when fed a control or 2 % creosote diet. One population of woodrats lives outside of the 
creosote range, and is therefore naive to this diet, while the other commonly consumes 
creosote. Multiple proteins from three major biotransformation families were quantified 
using western blot: Cytochromes P450 (CYP), Catechol-O-methyl transferase (COMT) , 
and Glutathione S-transferase (GST). In comparison to the naive population, the 
experienced population had constitutively lower s -COMT and GST-Ya, and higher 
CYP3A1 enzyme levels. In addition, there was a trend for a population and dietary 
treatment interaction in GST-Ya and s-COMT levels: animals experienced with creosote 
had lower enzyme concentrations when fed creosote, while naiVe animals had higher 
enzyme levels. These results suggest that over evolutionary time, selection within 
populations may have favored a decrease in expensive Phase II detoxification enzymes 
such as GST-Ya and s-COMT, in favor of less expensive enzymes such as CYP3A1 to 
adapt to creosote. 
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I N T R O D U C T I O N 
Herbivorous animals encounter a great challenge at every meal. Their diets are 
often extremely poor quality, containing low levels of essential nutrients and elements 
such as nitrogen (Robbins 1993). In addition, plants contain high levels of plant 
secondary compounds (PSCs), which are not essential for plant growth or maintenance. 
PSCs can be toxic and are associated with many costs upon ingestion, including weight 
loss, decreased reproduction, severe liver damage, and death (Freeland et al. 1974; 
Mangione et al. 2004). In order to survive on highly toxic diets while avoiding a 
detrimental loss of fitness, animals have evolved mechanisms to protect themselves. 
Although a few species have evolved mechanisms that permit ingesting large 
quantities of toxins, most species use a combination of strategies to reduce toxin intake 
and absorption as well as physiological mechanisms to metabolize PSCs (Freeland et al. 
1974; Dearing et al. 2005). First of all, animals have strong sensory capabilities and 
memories , which allow for selective foraging of less toxic foods (Freeland et al. 1974). If 
consuming a toxic diet is necessary, an animal will often reduce intake or the number of 
feeding bouts (Sorensen et al. 2005). Once toxins have entered the system, physiological 
processes act to inactivate and expel xenobiotic substances, primarily through 
detoxification in the liver, stomach, and intestines (Klaasen 1996). The biotransformation 
of PSCs through liver enzyme pathways will be the major focus of this thesis. 
The main purpose of this research was to examine detoxification patterns in a 
mammal ian herbivore, Bryant ' s woodrat {Neotoma bryanti). I compared two populations 
of woodrats that consume distinct diets, one believed to be the ancestral condition, and 
the other derived. Liver biotransformation enzymes were quantified to allow comparison 
of detoxification strategies in these populations, and whether or not similar pathways are 
used to consume these diets. 
Detoxification in Woodrats 
Woodrats (genus Neotoma) are herbivorous mammals with great species diversity 
that provide an excellent study system for dietary research. The term "woodrat" is used to 
describe a wide range of species, with habitats from the Sonoran Desert to Arctic-Alpine 
communit ies (Cameron & Rainey 1972). Their diets are generally reliant on the 
surrounding environment, and may include leaves as well as seeds and berries if more 
fresh vegetation is not available (Cameron & Rainey 1972). Like other herbivores, 
woodrats must carefully choose which plant species to ingest due to the associated costs 
of ingesting PSCs (Mangione et al. 2004). Therefore, in determining which species of 
plants to ingest, woodrats employ a variety of behaviors to best circumvent toxins. For 
example, two woodrat species cope with a juniper {Juniperus osteosperma) diet in 
different ways: N albigula will cache juniper and delay consumption until the toxin 
levels have been reduced, whereas N. lepida will reduce overall intake to reduce total 
toxin consumed (Torregrossa & Dearing 2009). Regardless of unique behaviors 
employed, once in the system, biotransformation by liver enzyme pathways plays a key 
role in managing toxins for these animals (Dearing et al. 2005). 
Liver Detoxification 
Liver detoxification is broken into Phase I and II, with biotransformation enzymes 
that are specific to each one. The functionalization reactions from Phase I detoxification 
increase polarity of a molecule. This allows the substrate to either be excreted if it is 
hydrophilic, or proceed to conjugation reactions in Phase II where additional enzymes 
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make it water soluble, allowing for excretion (Klaasen 1996). It has been hypothesized 
that Phase I enzymes are energetically less expensive than Phase II enzymes as 
endogenous compounds are not formed; however, there may be a tradeoff in their use as 
the high substrate specificity of Phase I enzymes may not allow for novel PSCs to be 
processed (Dearing et al. 2005). This research will focus mainly on enzyme families from 
Phase II of detoxification, including Catechol-O-methyl transferase (COMT), Glutathione 
S-transferase (GST), and UDP-glucuronosyltransferase (UGT). From Phase I, enzymes 
from the Cytochrome P450 (CYP) superfamily will be studied due to their sheer 
importance in detoxification (Klaasen 1996; Nebert & Dieter 2000). 
Dietary Shift 
At the end of the Pleistocene (18,700 to 10,000 years ago), creosote bush (Larrea 
tridentata) invaded the Mojave Desert due to a global shift in climate and displaced 
juniper (Juniperus species) (Van Devender 1977; Van Devender & Spaulding 1979). 
Evidence from fossilized woodrat nests ("middens") suggests that woodrat species living 
in the Mojave at this t ime, including N. lepida and N. bryanti, had to make a parallel shift 
in their diets from a juniper based one to that of creosote bush as the dominant vegetation 
in their surroundings changed (Alvarez-Castaneda & Yensen 1999; Verts & Carraway 
2002; Torregrossa & Dearing 2009). In contrast, woodrat populations of these two 
species living outside of the creosote bush range continue to consume other prevalent 
plant species including juniper, oak (Quercus agrifolia), and salvia (Salvia apiana) 
(Magnanou et al. 2009; Torregrossa & Dearing 2009). These diets contain different 
PSCs; for example, creosote bush contains high levels of polyphenolics, including 
nordihydroguaiaretic acid (NDGA) (Cameron & Rainey 1972; Hunziker et al. 1972), 
whereas juniper is high in terpenes (Schwartz et al. 1980). Previous research 
demonstrated that woodrats ingesting different plant diets had disparate patterns of 
detoxification enzyme activities (Haley et al. 2007; Haley et al. 2008). 
Phylogenetic analysis of N. bryanti and N. lepida estimates that these species 
diverged approximately 1.5 million years ago, as shown by Patton et al. (2008). As 
creosote bush did not invade until well after the divergence of these two woodrat species, 
it is likely that they have independently evolved the ability to detoxify creosote bush. 
Although previous research compared the detoxification ability of juniper and creosote 
bush accustomed N. lepida populations (Haley et al. 2008; Magnanou et al. 2009), little 
work has been done on N. bryanti (Haley et al. 2007). One population of N. bryanti from 
Caspers Wilderness, naive to creosote bush, has been previously studied in the laboratory 
with respect to metabolism of PSCs in oaks (Haley et al. 2007). I plan to compare liver 
enzymes from this population to a N. bryanti population from Palm Springs that lives 
within creosote bush range and is therefore accustomed to this diet (fig. 1). 
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Figure 1. Map with the 
current distribution of N. 
lepida and N. bryanti in 
Western North America 
and the present creosote 
bush range. The black star 
represents the N. bryanti 
population accustomed to 
creosote bush, while the 
white star indicated the 
population naive to this diet 
(Adapted from JR 
Malenke, unpublished). 
Palm Springs Population 
Caspers Wilderness Population 
(^"^) Desert Woodrat range (Neotoma lepida) 
Creosote range (Larrea tridentata) 
Bryant's Woodrat range (Neotoma bryanti) 
Objectives 
The first objective of this research was to quantify liver protein levels using 
Western blot within the two populations of N. bryanti. In both populations, enzyme 
quantity was measured in animals fed a control and 2 % creosote resin diet to obtain 
constitutive versus induced enzyme levels. The second objective was to make 
intraspecific comparisons of these protein levels, to identify the effect of dietary 
treatment on enzyme expression. Through this research, I hoped to gain an understanding 
of how the Palm Springs population of N. bryanti adapted to a toxic diet of creosote bush, 
and whether or not similar pathways were employed for phenolic detoxification in 
comparison to Caspers Wilderness animals. On an evolutionary scale, I compared the 
strategies used by two species of Neotoma to adapt to a novel creosote bush diet. I 
hypothesized that creosote bush accustomed animals would consume more and lose less 
mass than naive animals on an experimental creosote resin diet. Evolutionary experience 
with creosote bush was expected to be more important than experimental diet, and 
therefore, population was predicted to have the greatest effect on enzyme expression. 
M E T H O D S 
Woodrat Collection and Housing 
Woodrats were captured using Sherman live traps baited with peanut butter, 
apple, and oats. One population was captured near Caspers Wilderness Park in Orange 
County, CA (33°31 'N, 117°33 'W). Individuals from a second population were collected 
near Boyd Deep Canyon Reserve near Palm Springs, CA (33°40 'N, 116°22 'W). The 
animals were transported to the University of Utah, Department of Biology 's Animal 
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Facility. Prior to experimentation, all animals were screened for hantavirus. Woodrats 
were individually housed in cages (48 cm x 27 cm x 20 cm) containing pine shavings. 
For at least three months prior to experimentation, animals were acclimated to a 12L: 
12D cycle at 28°C and 15% relative humidity. Animals were fed a standard diet of rabbit 
chow (Harlan Teklad formula 2031) and water ad libitum. All experimental procedures 
involving woodrats were approved by the University of Utah ' s Institutional Animal Care 
and Use Committee ( IACUC, protocol no. 07-02015). 
Creosote Resin Extraction and Diet Preparation 
Creosote resin was extracted for later preparation of the 1 % and 2 % creosote 
diets. Creosote bush leaves and branches collected from previous trapping sites were 
stored at -20°C until use. Foliage was first removed by hand from the branches. To 
extract resin, the creosote bush leaves were soaked in acetone (1:6 wet weight: acetone 
volume) for 45 minutes. The acetone and resin mixture was separated from plant material 
using a Biichner funnel (Coors® #60247) and 185mm Whatman filter paper (1001-185) 
under a low vacuum. Solvent was evaporated over low pressure using a Biichi Rotavapor 
(R-200/R-205) until the resin became dense and viscous. After extraction, the powdered 
resin product composed 1 8 . 1 % of the original plant material dry weight, and was stored 
at -20°C. 
To prepare the creosote diets, the desired amount of resin was mixed with acetone 
and added to powdered rabbit chow (Harlan Teklad formula 2031). The acetone used for 
each treatment comprised 2 5 % of the total rabbit chow diet. The control diets were also 
prepared using acetone ( 2 5 % by dw), to control for residual solvent effects (resin was not 
added). For all dietary treatments, acetone was evaporated using a fume hood. To remove 
remaining solvent, each diet was placed under vacuum. Diet treatments were stored dry at 
-20°C and used within two weeks of preparation. 
Feeding Trials 
To investigate relative enzyme levels within N. bryanti, a feeding trial similar to 
those done in previous studies was performed (Sorensen et al. 2005, Haley et al. 2008; 
Magnanou et al. 2009). Woodrats from each population were fed one of two diets: 
control or creosote resin. For the creosote resin treatments, animals were given a control 
diet ( 0 % resin) for 3 days, 1% resin for 2 days, and 2 % resin for 3 days. The control 
treatments consisted of a 0% creosote diet for an equivalent eight-day period. All 
treatments included 5 animals, except for the Caspers Wilderness animals on a creosote 
diet (n=4). The acclimation period ( 1 % resin) was included to allow induction of 
biotransformation enzymes at relatively low toxin levels (Klaasen 2003). For each 
treatment, water and diet were provided ad libitum. Body mass was measured daily, and 
animals that lost more than 10% of their original mass were dropped from the study. All 
leftovers were collected and dried to determine total food intake on a daily basis. 
After the feeding trial, animals were euthanized using CO2 asphyxiation. Livers 
were extracted and weighed. In order to isolate tissue specific enzymes, microsomal and 
cytosolic fractions were created from the liver by differential ultracentrifugation 
(Franklin & Estabrook 1971). Samples were stored at -80°C until use. Protein 
concentrations were determined colorimetrically as described by Lowry (1951) to 
standardize across samples. 
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Relative Protein Levels 
Western blot analysis was used to measure relative enzyme concentrations in 
woodrats from each treatment using a protocol from M. Skopec (personal 
communication, 2010). All samples were diluted to total protein concentrations of 0.05 
ug/ul , to standardize results. When protein signals were weak for particular antibodies, 
the concentration was increased to 0.1 or 0.25 (ig/pl. After ensuring all samples began 
with equivalent protein concentrations, the samples were run on a 4 -20% tris glycine gel 
(ISC Bioexpress #E-4328-420) at 150V (Thermo Scientific EC-105) for approximately 
45 minutes to separate proteins by molecular weight. The Blue Step molecular weight 
marker from ISC Bioexpress (#K-974-0.5ml) was used as a reference to estimate protein 
size. After separating protein content on a gel, proteins were transferred to PVDF blotting 
membranes (Fisher #88585) to prevent degradation. Each transfer was run at 20V for 90 
minutes on a semi-dry blotter (Scie-Plas v20-SDB). After the transfer was complete, the 
membrane was coated with blocking buffer to prevent non-specific binding of primary 
antibodies. 
Relative protein levels were determined for seven enzymes. From the Cytochrome 
P450 superfamily, primary antibodies for CYP1A2, CYP2B6 (from Halpert laboratory), 
and CYP3A1 were used. The soluble form of Catechol-O-methyl transferase was 
measured along with GST-Ya (USBiological G8135-28G) from the alpha class of 
Glutathione S-transferase. Finally, UGT1A6 and U G T 2 B enzymes were measured from 
the UDP-glucuronosyltransferase family. Except where indicated, all primary antibodies 
were ordered from Santa Cruz Biotechnology. 
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For detection, secondary antibodies labeled with horseradish peroxidase enzyme 
(HRP) were used to bind the primary antibodies. Secondary antibodies from KPL were 
used, including goat anti-rabbit (#074-1506), goat anti-mouse (#074-1806), goat anti-rat 
(#14-16-06), and rabbit anti-goat (#14-13-06). Finally, SuperSignal® West Pico 
Chemiluminescent Substrate for HRP (Thermo Scientific #34087) was used to allow for 
detection and comparison. The Typhoon 8600 (Molecular Dynamics 300-2483) imaging 
system was used to visualize and quantify protein bands on the gels. 
Statistical Analysis 
After the band volume of each sample was measured on a gel, the relative volume 
was found by comparing each sample to the band of a single Caspers Wilderness animal 
fed a control diet (Animal ID #217). This sample was chosen arbitrarily; obtaining 
relative volume allowed for comparisons to be made between samples run on separate 
gels. Log transformation was performed for the western blot results to better distinguish 
significance between treatments. Two-way A N O V A ' s using population and diet as 
factors were used to analyze differences in body masses (initial and final), food intake, 
and liver mass. 
RESULTS 
Body Mass, Food Intake, and Liver Mass 
Body mass (initial and final), food intake, and liver mass were compared between 
each dietary treatment. The naive Caspers Wilderness animals weighed significantly 
more than the experienced Palm Springs population, by approximately 2 5 % (Table 1). 
The creosote bush experienced population gained significantly more weight than naive 
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animals, on both diets. Liver mass between the two populations was also significantly 
different, as may be expected from the difference in body mass. However, the 
experienced animals had a significantly higher liver to body mass ratio (approximately 
13%) than the animals naive to creosote bush, which was unaffected by diet (Table 2). 
Dry matter intake values were calculated with respect to body mass to account for the 
difference in initial body mass between the two populations. Repeated measures A N O V A 
for the last three days of each diet treatment showed no change in food intake based on 
population or diet. Therefore, only the last day of dietary treatment was compared, using 
two-way A N O V A . Dry matter intake on the final day showed no significant differences 
between populations and dietary treatments. 
Table 1: Means ± 1 SE of body mass, liver mass, and food intake in grams from N. 
bryanti fed either a control or 2 % creosote resin diet. 
Caspers Wilderness Palm Springs 
Variable Control Diet (n=5) Creosote Diet (n=4) Control Diet (n=5) Creosote Diet (n=5) 
Body mass (initial) 161.3 ± 11.5 162.3 ± 13.9 121.8 ± 11.1 117.7 ±9.0 
Body mass (final) 161.5 ± 11.9 159.1 ± 14.4 127.0 ± 12.0 120.3 ±9.1 
% change in body mass 0.04 ± 1.4 -1.9 ±2.7 4.1 ± 1.5 2.2 ±0.6 
Liver mass 4.5 ±0.4 4.6 ±0.6 4.2 ±0.6 3.7 ±0.2 
Liver mass/bm+ 0.028 ±0.001 0.028 ± 0.002 0.032 ± 0.002 0.031 ±0.002 
Dry matter intake/birr' 0.068 ± 0.009 0.040 ± 0.003 0.074 ± 0.004 0.075 ± 0.004 
Calculated by dividing the liver mass by final body mass for each animal 
Calculated by dividing food intake on the last day by final body mass for each animal 
11 
Table 2: Summary of A N O V A s for body mass, liver mass, and food intake in N. bryanti. 
Source of Variation F df P 
Body mass (initial): 
Population 13.713 1 19 0.002* 
Diet 0.020 1 19 0.889 
Population x Diet 0.050 1 19 0.826 
Body mass (final): 
Population 9.607 1 19 0.007* 
Diet 0.148 1 19 0.705 
Population x Diet 0.032 1 19 0.860 
% Change in body mass: 
Population 6.596 1 19 0.021* 
Diet 1.452 1 19 0.247 
Population x Diet 0.001 1 19 0.970 
Liver mass: 
Population 8.211 1 19 0.012* 
Diet 0.273 1 19 0.609 
Population x Diet 1.065 1 19 0.320 
Covariate (final mass) 73.720 1 19 0.000* 
Liver mass per body mass: 
Population 5.204 1 19 0.038* 
Diet 0.232 1 19 0.637 
Population x Diet 0.515 1 19 0.484 
Dry matter intake^: 
Population 1.215 1 19 0.288 
Diet 0.006 1 19 0.940 
Population x Diet 0.373 1 19 0.550 
Calculated by dividing food intake on the last day by final body mass for each animal 
Relative Protein Levels of Detoxification Enzymes 
Protein concentrations for detoxification enzymes were quantified in the two 
populations of N. bryanti fed a control or creosote diet. The band volume of each sample 
was compared to the band of a single Caspers Wilderness animal fed a control diet 
(Animal ID #217) to standardize across gels (dotted line in figs. 2-6). Relative protein 
levels in each treatment group were then compared. Measurements were not obtained for 
U G T , as bands did not appear; the primary antibodies from rat and human for U G T 1 A 6 
and U G T 2 B did not bind the woodrat proteins. Between the two populations of N. 
bryanti, there was a significant difference in constitutive levels of C Y P 3 A 1 , s-COMT, 
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and GST-Ya (Table 3). In both s-COMT and GST-Ya enzyme levels there was a trend for 
a population and diet interaction. 
Table 3: Summary of A N O V A s for biotransformation assays among N. bryanti. 
Source of Variation F df P 
CYP1A2 
Population 0.001 1,19 0.979 
Diet 0.418 1,19 0.528 
Population x Diet 0.352 1,19 0.562 
CYP2B6 
Population 0.001 1,19 0.979 
Diet 0.418 1,19 0.528 
Population x Diet 0.352 1,19 0.562 
CYP3A1 
Population 5.246 1,19 0.037* 
Diet 1.169 1,19 0.297 
Population x Diet 0.085 1,19 0.775 
s-COMT 
Population 21.067 1,14 0.001* 
Diet 2.954 1,14 0.116 
Population x Diet 4.353 1,14 0.064 
GST-Ya 
Population 10.295 1,19 0.006* 
Diet 0.065 1,19 0.803 
Population x Diet 3.983 1,19 0.064 
CYP 
Relative protein levels for CYP1A2, CYP2B6, and CYP3A1 were measured 
within N. bryanti. CYP1A2 and CYP2B6 enzyme levels did not significantly differ 
between populations (figs. 2,3). In addition, neither population significantly regulated 
these enzymes in response to diet. The two populations of N. bryanti had significant 
differences in CYP3A1 protein levels. Creosote experienced animals had approximately 
twice the CYP3A1 expression of naive animals, that was significant (fig. 4). 
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Figure 2. Expression of CYP1A2 in N. bryanti on control or 2 % creosote diets. Data is 
relative to animal #217 (Caspers Wilderness animal on the control diet; indicated by the 
dotted line) and represented as the mean with SE. There were no differences in CYP1A2 
protein across the four experimental treatments. 
C Y P 1 A 2 
• Control 
• Creosote 
Caspers Wilderness Palm Springs 
Figure 3. Expression of CYP2B6 in N. bryanti on control or 2 % creosote diets. Data is 
relative to animal #217 (Caspers Wilderness animal on the control diet; indicated by the 
dotted line) and represented as the mean with SE. There were no differences in CYP2B6 
protein across the four experimental treatments. 
C Y P 2 B 6 
• Control 
• Creosote 
Caspers Wilderness Palm Springs 
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Figure 4. Expression of CYP3A1 in N. bryanti on control or 2 % creosote diets. Data is 
relative to animal #217 (Caspers Wilderness animal on the control diet; indicated by the 
dotted line) and represented as the mean with SE. Significant differences as determined 
by Fisher 's Least test are marked by different letters (P < 0.05). 
C Y P 3 A 1 
• Control 
• Creosote 
Caspers Wilderness Palm Springs 
s-COMT 
The two populations of N. bryanti had significantly different s -COMT levels, 
regardless of diet. Antibodies did not bind well to samples from the Palm Springs 
population, and fewer animals were used for analysis. Naive Caspers Wilderness animals 
had constitutively higher enzyme expression than the Palm Springs population (fig. 5). 
There was a trend for a population and diet interaction (P=0.064) within N. bryanti. The 
creosote naive animals appear to increase s-COMT while on a creosote diet, whereas 
experienced Palm Springs animals decrease this enzyme. 
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Figure 5. Expression of s -COMT in N. bryanti on control or 2 % creosote diets. Data is 
relative to animal #217 (Caspers Wilderness animal on the control diet; indicated by the 
dotted line) and represented as the mean with SE. Significant differences as determined 
by Fisher 's Least test are marked by different letters (P = 0.001). 
s - C O M T 
• C o n t r o l 
• Creosote 
Caspers Wilderness Palm Springs 
GST-Ya 
The N. bryanti populations had significant differences in GST-Ya enzyme levels. 
Caspers Wilderness animals had constitutively higher expression than the experienced 
Palm Springs population. There was a trend for a population and diet interaction 
(P=0.064). While the creosote naive population appears to increase GST-Ya on a creosote 
diet, the experienced animals decrease this enzyme (fig. 6). 
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Figure 6. Expression of GST-Ya in N. bryanti on control or 2 % creosote diets. Data is 
relative to animal #217 (Caspers Wilderness animal on the control diet; indicated by the 
dotted line) and represented as the mean with SE. Significant differences as determined 
by Fisher 's Least test are marked by different letters (P < 0.01). 
G S T Y a 
• Control 
• Creosote 
Caspers Wilderness Palm Springs 
DISCUSSION 
In order to investigate how the ability to consume creosote may have evolved, I 
compared the quantity of liver enzyme levels in two populations of N. bryanti using 
Western blot. The Palm Springs population lives within creosote bush range and is 
therefore accustomed to a creosote diet. On the other hand, the Caspers Wilderness 
population is outside of creosote bush range and naive to this diet. Differences were 
found in the ability to process creosote resin between the two populations in an 
experimental feeding trial. Induced changes, or those within a population that are 
dependent on experimental treatment, were not found. There were constitutive enzyme 
level differences that were unaffected by diet. Enzyme quantity was not in a consistent 
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direction: animals naive to creosote had increased amounts of s -COMT and GST-Ya, and 
decreased CYP3A1 in comparison to experienced animals (Table 4). In addition, there 
was a trend for a population and dietary interaction in GST-Ya and s-COMT levels: 
experienced animals had decreased quantities of these enzymes when fed creosote resin, 
while the naive population had increased protein levels. 
Table 4: Summary of constitutive differences between N. bryanti populations from the 
biotransformation assay. 
Caspers Wilderness Palm Springs 
(Nai've) (Experienced) 
CYP1A2 = = 
CYP2B6 = = 
CYP3A1 * 
s-COMT * * 
GST-Ya * 
Ability to Consume Creosote Resin 
Mass balance, liver size and ratio to body mass were compared to evaluate the 
ability of each population to consume creosote resin. Although food intake per body mass 
on both the control and creosote resin diet was equivalent, the two populations had 
differences in mass balance, providing evidence that there may be a difference in their 
abilities to process a creosote diet. The naive population lost mass while on a creosote 
diet, while the experienced population gained mass. Despite having absolutely smaller 
livers, the experienced Palm Springs animals had a larger liver to body mass ratio, which 
may have important implications for the difference in detoxification ability. In numerous 
studies, an enlarged liver has been associated with enhanced drug metabolism (Pirttiaho 
et al. 1978; Swift et al. 1978). In addition to a higher liver to body mass ratio, the Palm 
Springs population has a different pattern of enzyme expression than the Caspers 
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Wilderness population, showing that these animals may rely on separate regulatory 
mechanisms for detoxification. 
To put the findings of this research into context, I compared the results to two 
other studies in Neotoma related to the detoxification of PSCs. Because the authors took 
different approaches than I did, there are some limitations to these comparisons. First of 
all, this research was focused on protein content as opposed to m R N A content in 
Magnanou et al. (2009) or protein activity (Haley et al. 2007; Haley et al. 2008). Though 
one would expect an increase in protein concentration to result in an increase in activity, 
there are situations where activity may change while concentration remains constant, or 
where the concentration assay may not be sensitive enough to detect a change despite a 
change in activity. To simplify these comparisons, I assumed that a change in 
concentration would result in a concomitant change in activity. In addition, activity 
measurements from previous research included entire subfamilies, and not specific 
enzymes (Haley et al. 2007; Haley et al. 2008). Therefore, to make these comparisons I 
assumed that concentration of a particular enzyme can be extended to entire subfamilies. 
Finally, while the Caspers Wilderness population has been previously studied in the 
laboratory, this was the first experiment to expose these animals to a novel diet; it was 
also the first experiment including the Palm Springs population, and therefore only loose 
comparisons are available from previous research to interpret results. While there are 
limitations to the comparisons that can be made to previous research, they allow for the 
exploration of two important questions: did populations of N bryanti develop 
mechanisms to process different phenolic compounds in similar ways , and in order to 
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adapt to creosote bush, did N bryanti adopt similar solutions as N. lepida, another species 
of woodrat that consumes creosote bush in the wild. 
Phenolic Detoxification in Neotoma bryanti 
The natural diets of the two N. bryanti populations are similar in that they contain 
phenolics, as the Caspers Wilderness animals naturally consume oak; however, it is 
unknown whether or not they use similar detoxification mechanisms. To examine this 
question, I compared the pattern of detoxification enzyme activity and content in N. 
bryanti from Caspers Wilderness and Palm Springs fed experimental phenolic diets. 
Creosote bush consumed by the Palm Springs animals may contain 10-25% phenolic 
compounds, including up to 4 0 % nordihydroguaiaretic acid (NDGA) (Cameron & Rainey 
1972; Hunziker et al. 1972; Mangione et al. 2004), and oak leaves consumed by the 
Caspers Wilderness population can contain 7 % phenolics (Atsatt & Ingram 1983; Skopec 
et al. 2008). The Caspers Wilderness population, nai've to creosote, has been previously 
studied in the laboratory with respect to the metabolism of PSCs in oaks (Haley et al. 
2007). On an experimental 7 0 % oak diet, CYP2B activity increased and GST activity 
decreased (Haley et al. 2007). When exposed to a novel phenolic diet, the same Caspers 
Wilderness population showed a trend for increased C O M T and GST. In contrast, Palm 
Springs populations adapted to a creosote diet show a decrease in both of these enzymes 
on an experimental creosote diet (Table 5). 
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Table 5: Comparison of enzyme levels induced in N. bryanti fed a 7 0 % oak (Haley et al. 
2007) or 2 % creosote resin diet. All results are given relative to animals on a control diet, 
where N D indicates no difference. Note the 2 % creosote resin diet is novel to the Caspers 
Wilderness population. 
Caspers Wilderness Palm Springs 
70% Oak 2% Creosote Resin 2% Creosote Resin 
CYP1A ND ND ND 
CYP2B * ND ND 
CYP3A ND ND ND 
COMT — * + 
GST * 
Trend for increased expression on a creosote resin diet, P<0.1 
— Data not available 
Although detoxification enzyme patterns vary with exposure to a novel toxin, it 
appears that with evolutionary exposure, N. bryanti populations may have similar 
solutions when confronted by a diet high in phenolic compounds. First of all, these 
populations reduced the more expensive Phase II enzyme GST. Perhaps to compensate 
for lower activity, a subsequent increase in the concentration or activity of less expensive 
Phase I enzymes, including Cytochromes P450, may allow for more efficient 
detoxification. Although the enzyme levels were unaffected by diet, the creosote adapted 
Palm Springs animals had constitutively higher CYP3A content than naive populations. 
In comparison, N. bryanti naive to creosote increased CYP2B activity when fed an 
experimental oak diet, without changing CYP3A activity (Haley et al. 2007). Therefore, 
in N. bryanti CYP3A may be important for creosote detoxification while CYP2B is more 
important to consume an oak diet. 
Creosote Adaptation Strategies in Neotoma 
Although populations of N. lepida with the ability to consume creosote have been 
studied, no publications are available on N. bryanti populations with the same ability to 
compare strategies used by these two species. I compared my results to previous studies 
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in N. lepida by Haley et al. (2008) and found that these two species have different 
mechanisms for processing creosote. Neotoma bryanti adapted to creosote have increased 
CYP3A levels, and decreased GST and C O M T . In N lepida, creosote bush experienced 
populations had constitutively higher CYP2B and GST in comparison to naive animals, 
and increased CYP1A on an experimental creosote diet (Table 6) (Haley et al. 2008). On 
an experimental creosote diet, C O M T m R N A expression was upregulated in N. lepida 
accustomed to creosote in comparison to the naive population (Magnanou et al. 2009). 
Table 6: Summary of constitutive population differences between N. bryanti and N. 
lepida (Haley et al. 2008) from biotransformation assays, that are unaffected by diet. N D 
indicates no difference. 
Neotoma bryanti Neotoma lepida 
Experienced : naive Experienced : naive 
CYP1A ND 
CYP2B ND * 
CYP3A * ND 
COMT * — 
GST * 
Increased activity induced in experienced animals on 5% creosote diet only 
— Data not available 
Few similarities were found in detoxification enzyme patterns between 
populations of N. lepida and N. bryanti with experience ingesting creosote resin. 
Neotoma bryanti had constitutively lower enzyme concentrations for expensive Phase II 
enzymes such as C O M T and GST than naive populations. Differences in GST may be 
explained by the fact that while overexpression of GST is often associated with resistance 
to toxic substances, these enzymes also have the ability to increase substrate toxicity 
(Klaasen 1996). Finally, whereas N. bryanti had constitutively higher CYP3A levels, N. 
lepida had constitutively higher CYP2B activity in comparison to the naive population 
(Haley et al. 2008). It appears that N. lepida and N. bryanti populations with the ability to 
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consume creosote turned to different solutions: on a constitutive level, N. bryanti 
decreased Phase II enzymes and increased CYP3A while N. lepida increased Phase II 
enzymes and CYP2B activity (Haley et al. 2008). 
CYP3A Use in Other Species 
Perhaps due in part to its broad substrate specificity, CYP3A is an important 
contributor to xenobiotic metabolism in many mammalian species (Hukkanen 2000; 
Martignoni et al. 2006). Although the enzymes used for a particular process are generally 
similar, there can be extensive variation among individuals. Variation in activity of 
Cytochromes P450 can be attributed to many factors, including: genetic polymorphisms, 
environmental factors, physiological status, and disease state (Omari & Murry 2007). 
Currently, CYP3A is considered the most important subfamily for xenobiotic metabolism 
in all species; however, the various CYP3A enzymes have different substrate specificities 
in different species, making comparisons difficult (Martignoni et al. 2006). For example, 
although humans do not have C Y P 3 A 1 , they have four other isozymes that together are 
responsible for biotransformation of about 5 0 % of therapeutic drugs on the market 
(Martignoni et al. 2006). However, in rats (genus Rattus), CYP3A1 in the liver is the 
main CYP3A form (Zuber et al. 2006). Compared to research in other species, it is 
therefore reasonable to conclude that increased CYP3A levels may play an important role 
in the biotransformation for N. bryanti adapted to creosote bush. 
Summary 
Evolutionary exposure to creosote bush appeared to play a much stronger role 
than experimental diet in the differential expression of biotransformation enzymes in N. 
bryanti. Perhaps the increase of CYP3A and subsequent decrease of the more expensive 
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Phase II enzymes may represent a cost savings for N. bryanti that rely on a creosote diet. 
Over many generations of exposure to a particular plant diet, it is possible that selection 
may favor individuals with more efficient pathways. While variation would still be 
present, overall the population may have an increased expression of some enzymes (ex. 
CYP3A1) , and decreased others (ex. s -COMT or GST-Ya) . There are many possible 
explanations as to why these species may have turned to different solutions to adapt to a 
creosote diet: genetic drift may have fixed different alleles within the populations, 
enzymes may have changed function through mutations, or some component of their 
diets other than creosote may be driving selection. Future work is needed to distinguish 
the roles of protein efficiency and concentration, as well as identifying other enzymes 
important for creosote bush detoxification. Understanding how populations evolved the 
capacity to detoxify creosote diets may shed light on how they adapt to changes in the 
environment, perhaps providing implications for other species, especially in regard to 
current climate change. 
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